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the Surface of the nanoparticles. The nanoparticle size can be 
tuned by etching the nanoparticles located in the solution to 
a desired size. 
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PASSIVATED NANOPARTICLES, METHOD OF 
FABRICATION THEREOF, AND DEVICES 

NCORPORATING NANOPARTICLES 

0001. This application claims benefit of priority of U.S. 
provisional application Ser. No. 60/316,979, filed on Sep. 5, 
2001, incorporated herein by reference in its entirety. 

FIELD OF THE INVENTION 

0002 The present invention is directed generally to semi 
conductor materials and more particularly to passivated 
nanoparticles. 

BACKGROUND OF THE INVENTION 

0003) Numerous patents and publication have been 
issued on the fabrication of semiconductor nanoparticles 
(also called “quantum dots” or “nanocrystals”) and their 
applications in the last few years. These semiconductor 
nanoparticles are used as a lasing medium in a laser, as 
fluorescent tags in biological testing methods and as elec 
tronic devices. 

0004. A relatively new correlative method for easier 
manipulation and spatial organization of the nanoparticles 
has been proposed in which the nanoparticles are encapsu 
lated in a shell. The shells which encapsulate the nanopar 
ticles are composed of various organic materials such as 
Polyvinyl Alcohol (PVA), PMMA, and PPV. Furthermore, 
semiconductor shells have also been suggested. 
0005 For example, U.S. Pat. Nos. 6,225,198 and 5,505, 
928, incorporated herein by reference, disclose a method of 
forming nanoparticles using an organic Surfactant. The pro 
cess described in the U.S. Pat. No. 6.225, 198 patent includes 
providing organic compounds, which are precursors of 
Group II and Group VI elements, in an organic solvent. A hot 
organic Surfactant mixture is added to the precursor Solution. 
The addition of the hot organic Surfactant mixture causes 
precipitation of the II-VI semiconductor nanoparticles. The 
Surfactants coat the nanoparticles to control the size of the 
nanoparticles. However, this method is disadvantageous 
because it involves the use of a high temperature (above 
200° C.) process and toxic reactants and surfactants. The 
resulting nanoparticles are coated with a layer of an organic 
Surfactant and some Surfactant is incorporated into the 
semiconductor nanoparticles. The organic Surfactant nega 
tively affects the optical and electrical properties of the 
nanoparticles. 

0006. In another prior art method, II-VI semiconductor 
nanoparticles were encapsulated in a shell comprising a 
different II-VI semiconductor material, as described in U.S. 
Pat. No. 6,207,229, incorporated herein by reference. How 
ever, the shell also interferes with the optical and electrical 
properties of the nanoparticles, decreasing quantum effi 
ciency of the radiation and the production yield of the 
nanoparticles. 

0007. The commercialization of the nanoparticles has 
also been hampered due to the high cost of production of the 
nanoparticles. The methods used for synthesis are extremely 
toxic at high temperatures and hence pose significant safety 
problems during mass production. 
0008 Furthermore, it has been difficult to form nanopar 
ticles of a uniform size. Some researchers claimed to have 
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formed nanoparticles in a solution having a uniform size 
based on transmission electron microscopy (TEM) measure 
ments and based on approximating nanoparticle size from 
the position of the exciton peak in the absorption spectra of 
the nanoparticles. However, the present inventor has deter 
mined that both of these methods do not lead to an accurate 
determination of nanoparticle size in the Solution. 
0009 TEM allows actual observation of a few nanopar 
ticles precipitated on a substrate from a solution. However, 
since very few nanoparticles are observed during each test, 
the nanoparticle size varies greatly between observations of 
different nanoparticles from the same solution. Therefore, 
even if a single TEM measurement shows a few nanopar 
ticles of a uniform size, this does not correlate to an entire 
Solution of nanoparticles of a uniform size. 
0010. Using the absorption spectra exciton peak position 
to approximate nanoparticle size is problematic for a differ 
ent reason. The exciton peak position does not show whether 
the individual nanoparticles in a solution are agglomerated 
into a large cluster. Thus, the size of the individual nano 
particles that is estimated from the location of the exciton 
peak in the absorption spectra does not take into account that 
the individual nanoparticles have agglomerated into clusters. 
0011 For example, Evident Technologies (www.evident 
tech.com) markets EvilDots(R CdSe nanocrystal test kits. The 
Evident Technologies website indicates that the nanocrystals 
in these kits are coated with a surfactant and can be stored 
unopened in toluene solvent for up to two months. This 
website also implies that the nanoparticles in the test kit 
Solution have a uniform size. It appears that the nanoparticle 
size was approximated from the exciton peak position of the 
absorption spectra of these nanoparticles. However, when 
the present inventor arranged for the size of these EvilDots(R) 
nanoparticles to be measured by a photon correlated spec 
troscopy (PCS) method, the results indicated that the nano 
particles in the Solution have agglomerated into large clus 
ters and have a non-uniform size distribution. Thus, while 
the agglomerated nanoparticles have acceptable optical 
properties, they have unacceptable mechanical properties 
due to the agglomeration for uses which require a precise 
size distribution, such as for biological marker use. Further 
more, the EvilDots(R nanoparticles agglomerate into large, 
visible clumps and precipitate out of the solution onto the 
bottom of the vial in less than an hour after the toluene 
containing vial is unsealed. 

BRIEF SUMMARY OF THE INVENTION 

0012 A preferred embodiment of the present invention 
provides a plurality of semiconductor nanoparticles having 
an elementally passivated Surface. 
0013 Another preferred embodiment of the present 
invention provides a plurality of semiconductor nanopar 
ticles having an average size between about 2 nm and about 
100 nm with a size standard deviation of less than 60 percent 
of the average nanoparticle size determined by photon 
correlated spectroscopy (PCS) method. 
0014) Another preferred embodiment of the present 
invention provides a method of making semiconductor 
nanoparticles, comprising forming semiconductor nanopar 
ticles of a first size in a solution, and providing an etching 
liquid into the solution to etch the semiconductor nanopar 
ticles of the first size to a second size smaller than the first 
S17C. 
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0015. Another preferred embodiment of the present 
invention provides a method of making semiconductor 
nanoparticles, comprising reacting at least a first reactant 
and a second reactant in a solution to form the semiconduc 
tor nanoparticles in the solution, wherein a first reactant 
provides a passivating element which binds to dangling 
bonds on a surface of the nanoparticles to passivate the 
Surface of the nanoparticles. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0016 FIG. 1 is a three dimensional view of a magnetic 
data storage medium according to one preferred embodi 
ment of the present invention. 
0017 FIG. 2 is a top view of optical data storage medium 
according to another preferred embodiment of the present 
invention. 

0018 FIG. 3 is a side cross sectional view of an optical 
cantilever device to another preferred embodiment of the 
present invention. 
0.019 FIG. 4 is a side cross sectional view of an elec 
troluminescent device according to another preferred 
embodiment of the present invention. 
0020 FIG. 5 is a side cross sectional view of a photode 
tector according to another preferred embodiment of the 
present invention. 
0021 FIG. 6 is a schematic illustration of process steps in 
a method of making nanoparticles according to the preferred 
embodiments of the present invention. 
0022 FIGS. 7-11 are PCS spectra from samples made by 
the method according to the preferred embodiments of the 
present invention. 
0023 FIGS. 12-15 are PCS spectra from samples made 
by the prior art method. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0024. The present inventor has realized that prior art 
nanoparticles agglomerate and have a non-uniform size 
distribution because dangling bonds cause separate nano 
particles to bond together. Therefore, by forming nanopar 
ticles with a passivated Surface decreases bonding between 
nanoparticles and thus decreases nanoparticle agglomera 
tion. A passivated Surface comprises surface having passi 
vated dangling bonds, where a passivating element is bound 
to the dangling bonds. Furthermore, the passivating element 
reduces or eliminates undesirable reconstructions of atomic 
positions on the nanoparticle Surface which cause energy 
levels to appear within the band gap of the nanocrystals. 
These extra energy levels may lead to decreased light 
emission at desired wavelengths and emission and absorp 
tion of light at undesired wavelengths. 
0025. It should be noted that a true or “elemental” 
passivated Surface should be distinguished from formation 
of a semiconductor or organic Surfactant shell around a 
nanoparticle of the prior art. While these prior art nanopar 
ticles with a shell are sometimes referred to as “passivated’, 
the shell usually does not have the capability of passivating 
dangling bonds on the Surface of the nanoparticle because 
the lattice constant of the shell is different from the lattice 
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constant of the nanoparticles. The lattice mismatch of the 
shell and nanoparticles would actually create more surface 
states at the shell/nanoparticle interface, which degrades 
nanoparticle luminescence efficiency. Thus, such prior art 
nanoparticles that are encapsulated in a shell are not truly 
“passivated.” Furthermore, nanoparticles coated in a shell 
are not elementally passivated because an organic or inor 
ganic compound is formed on the nanoparticle, rather than 
a passivating element which is bound to the dangling bonds. 
0026. The elementally passivated nanoparticles can be 
formed and stored in water, rather than in an organic solvent 
as are prior art nanoparticles. Furthermore, in contrast to the 
prior art nanoparticles, the elementally passivated nanopar 
ticles do not significantly agglomerate even when the vial 
with the water solvent is left unsealed. 

0027. The present inventor has also realized that nano 
particles with a uniform size distribution can be formed by 
first forming large nanoparticles with a random size distri 
bution and then reducing the size of the nanoparticles to the 
desired size by etching the larger nanoparticles. By selecting 
an appropriate type and amount of etching medium, the large 
nanoparticles can be automatically etched down to a uniform 
Smaller size. In contrast, the prior art nanoparticle formation 
methods attempt to control the size of the nanoparticles by 
inhibiting growth of nanoparticle nuclei in a solution by 
using a surfactant or a shell. However, it is difficult to control 
nanoparticle size distribution by the prior art method 
because nucleation and growth of nanoparticles is unpre 
dictable and Subject to many environmental variables. 
0028. The term nanoparticles includes particles having an 
average size between about 2 and about 100 nm, preferably 
particles having an average size between about 2 and about 
50 nm. Most preferably, the nanoparticles comprise quantum 
dots having an average size between about 2 and about 10 
nm. Preferably, the first standard deviation of the size 
distribution is 60% or less, preferably 40% or less, most 
preferably 15 to 30% of the average particle size. 

0029. In a quantum dot, an electron is confined to a piece 
of semiconductor material Small enough such that the Vol 
ume in which the electron resides is on the order of the 
wave-volume of the electron itself. The electrons formerly 
continuous spectrum will become discrete, and its energy 
gap will increase. The size of semiconductor Volume nec 
essary to achieve perceived electron confinement should be 
on the order of the Bohr radius of the bound state of an 
electron-hole pair (i.e., an exciton). 
0030 The nanoparticles may comprise any material that 
can form nanoparticles, such as a II-VI, IV-VI, or a III-V 
semiconductor material. Preferably, the nanoparticles com 
prise IV-VI or II-VI semiconductor nanoparticles, such as 
CdS, ZnS, PbS, CdSe, ZnSe, PbSe ZnTe, PbTe and CdTe 
nanoparticles. Ternary and quaternary semiconductor nano 
particles, such as CdZnS, CdZnSe, CdZnTe. CdZnTeSe and 
CdZnSSe, for example, may also be used. Furthermore, 
semiconductor nanoparticles other than IV-VI or II-VI nano 
particles may also be used. These nanoparticles include 
GaAs, GaP. GaN, InP, InAs, GaAlAs, GaAlP, GaAlN, 
GanN, GaAlAsP, GaAlInN, and various other III-V mate 
rials. 

0031. The passivating element may be any element which 
can bind to and passivate dangling bonds on the nanoparticle 
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Surface. Preferably, the passivating element comprises one 
or more elements other than carbon (i.e., an inorganic 
passivating agent). Most preferably, the passivating element 
is selected from a group consisting of H. S. SeandTe. Sulfur 
is the most preferred of these passivating elements. Thus, for 
II-VI and IV-VI semiconductor nanoparticle, by using a 
nonstoichiometric or excess amount of the Group VI ele 
ment in the Group VI containing reactant compound, it is 
possible to locate the Group VI compound, such as S. Se and 
Te on the Surface of the nanoparticle in Such a way as to 
passivate the dangling bonds. For III-V semiconductors, an 
extra reactant containing S. Se and Te may be added to 
passivate the nanoparticle Surface. Furthermore, hydrogen 
passivating element may be provided by using a hydrogen 
containing reactant, Such as an ammonia compound, during 
the formation of the nanoparticles. Thus, a IV-VI or II-VI 
semiconductor nanoparticle passivated by its Group VI 
element (i.e., CdS, PbS or ZnS passivated by S, CdTe 
passivated by Te, etc.) is considered to be self passivated. 
0032 For example, for sulfide containing IV-VI or II-VI 
semiconductor nanoparticles (i.e., CdS, PbS, ZnS and com 
pounds thereof), the passivating element preferably com 
prises S and/or H. Sulfur is most preferred. For selenide 
containing IV-VI or II-VI semiconductor nanoparticles (i.e., 
CdSe, PbSe, ZnSe and compounds thereof), the passivating 
element preferably comprises Se and/or H. For telluride 
containing IV-VI or II-VI semiconductor nanoparticles (i.e., 
CdTe. PbTe, ZnTe and compounds thereof), the passivating 
element preferably comprises Te and/or H. Alternatively, 
Sulfur is used as the passivating element for the selenide or 
telluride nanoparticles. 
0033. The passivated nanoparticles are capable of being 
Suspended in water without Substantial agglomeration and 
Substantial precipitation on container Surfaces for at least 30 
days, preferably for at least 90 days. This means that at least 
70%, preferably 95%, most preferably over 99% of the 
nanoparticles are suspended in water without agglomerating 
and precipitating on the bottom and walls of the container. 
It should be noted that the passivated nanoparticles may also 
be suspended in liquids other than water without substantial 
agglomeration and Substantial precipitation on container 
surfaces for at least 30 days, preferably for at least 90 days. 
0034. The passivated nanoparticles may be fabricated 
using an environmentally friendly, non-toxic, low tempera 
ture (room temperature or close to room temperature) pro 
cess. Due to its simple chemistry, the nanoparticles can be 
fabricated in large quantities from water based solutions. 
The passivated nanoparticles synthesized by the preferred 
method of the present invention are comparable or better in 
terms of crystalline quality than the prior art nanoparticles 
and are significantly more stable (i.e., in terms of agglom 
eration and precipitation form a solution) than the prior art 
nanoparticles. 

0035) A preferred method of making passivated semicon 
ductor nanoparticles comprises reacting at least a first reac 
tant and a second reactant in a solution to form the semi 
conductor nanoparticles in the solution. The first reactant 
provides a passivating element which binds to dangling 
bonds on a surface of the nanoparticles to passivate the 
Surface of the nanoparticles. 
0036) The semiconductor nanoparticles can be formed by 
reacting two compounds in a solution using a century old 
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room temperature solution chemistry. Preferably, one of the 
reactants is an ammonium compound. Such as ammonium 
sulfide. For example, to form PbS nanoparticles, the two 
preferred reactants can be (NH).S. and PbO. PbO is 
preferably in solid form and (NH)S is preferably in 
liquid form. The “X” in (NH4)2S means that an excess 
(i.e., nonstoichiometric) amount of Sulfur is provided in this 
reactant. When these reactants are mixed together, PbS 
precipitates out of the solution in Solid form and the ammo 
nia evaporates from the liquid according to the following 
reaction: 

0037. While this reaction has been known for over one 
hundred years, the present inventor believes that it has only 
been used to form bulk PbS powder, and not for nanoparticle 
fabrication. Thus, there was no recognition in the prior art 
that the reaction conditions could be controlled to form 
nanoparticles rather than a bulk PbS powder. It should be 
noted that the nanoparticles may have a different color than 
the bulk PbS powder. The nanoparticle color depends on 
their size, since the band gap of the nanoparticles and thus 
the absorption cut off wavelength is a function of the 
nanoparticle size. The nanoparticles have a range of color, 
such as red, orange, yellow, etc. In contrast, the bulk PbS 
powder appears black to a human observer since it absorbs 
all light. 

0038. There are several different methods to form nano 
particles rather than bulk powder by controlling the reaction 
conditions to obtain a desired average particle size. One 
method of controlling the reaction conditions comprises 
diluting at least one reactant with water. For example, the 
(NH).S. reactant may be diluted with water prior to 
mixing it with PbO. Another method of controlling the 
reaction conditions comprises controlling the pH of the 
Solution by adding an acid. Such as HCl to the solution. A 
third method of controlling the reaction conditions com 
prises selecting a solid second reactant powder, such as PbO 
powder, having a predetermined average particle size. Any 
two, and preferably all three methods are used in combina 
tion to obtain nanoparticles rather than bulk powder. 

0039) Preferably, the addition of the acid to the solution 
etches the nanoparticles to the desired size. Preferably, the 
acid comprises hydrochloric acid (HCl). Using etchants to 
etch nanoparticles in solution depends on the reaction chem 
istry with the other reagents present in the solution. The 
present inventor has attempted to etch PbS semiconductor 
nanoparticles with a variety of acids, such as HCl, HNO. 
HF, H.O., CHCOOH and combinations of the above. 
While etching of the PbS sulfide nanoparticles occurred with 
more than one etchant, the present inventor found that the 
etching rates for acids other than HCl were not uniform. 
Moreover, reaction of the etchants other than HCl with the 
chemical by-products or reagents present in the Solution 
resulted in formation of undesired precipitates, which leads 
to difficulties in extracting the nanoparticles from the solu 
tion and causes undesired absorption of nanoparticles on the 
precipitates. However, the use of hydrochloric acid, HCl, to 
etch the IV-VI sulfide nanoparticles, such as PbS, resulted in 
uniform etch rates and absence of undesired precipitates. It 
should be noted that the present invention is not limited to 
the use of HCl, and that other etchants may be used for other 
nanoparticle compositions. 
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0040. Therefore, nanoparticles with a large average size 
and a non-uniform size distribution may be formed in a 
solution first. Then, the acid, such as HCl, is added to the 
Solution and the solution is agitated. Such as by a magnetic 
stirrer. The acid reduces the size of the nanoparticles to the 
desired size by etching the nanoparticles. Thus, the etching 
“tunes' the nanoparticles to a desired size. The general 
reaction chemistries for the etching step of PbS and CdS 
nanoparticles are shown below: 

0041. A model depicting the size tuning of PbS nanopar 
ticles is shown in FIG. 6. First, PbS nanoparticles with a 
large size are formed in a water solution. Then HCl is added 
to the solution (box 61 in FIG. 6). HCl reacts with the PbS 
nanoparticles and forms PbCl and HS (box 63 in FIG. 6). 
The etched PbS nanoparticles with the smaller and uniform 
size remain in the water. PbCl remains dissolved in water 
while HS volatile gas escapes from the solution (box 65 in 
FIG. 6). 

0042. The excess passivating element in the solution, 
such as sulfur, then repassivates the surface of the etched 
nanoparticles. By selecting an appropriate type and amount 
of etching medium, the large nanoparticles can be automati 
cally etched down to a uniform smaller size. If the acid 
concentration is the solution exceeds the desired amount 
then the nanoparticles are completely dissolved. The amount 
of acid is preferably selected based on the amount of the 
solid Group II reactant added to the solution. Thus, since the 
amount of Group II reactant, such as PbO or PbCl added 
to the Solution is known, the proper amount of acid to be 
added to the solution can be readily determined. 

0043. It should be noted that reactants other than PbO and 
(NH4)2S may be used to form PbS nanoparticles. Group 
IIB and IVA metal chloride reactants may also be combined 
with Group VI sodium reactant in a water solvent to form 
IV-VI and II-VI nanoparticles and salt. 

0044) While a Group VI sodium reactant, such as NaS, 
is preferred other Group IA-Group VI reactants may be used 
instead. The water solvent may optionally contain a small 
amount of a Group VI ammonia compound. Such as 
(NH4)2S, which is sufficient to passivate the nanopar 
ticles. Alternatively, the Group VI ammonia compound may 
be omitted and an excess of the Group VI sodium compound 
compared to the metal chloride compound may be used 
instead to provide Sufficient Sulfur to passivate the nanopar 
ticles. Thus, the excess Sulfur for passivation can come from 
a nonstoichiometric Sulfur compound and/or from using a 
larger molar amount of the Sulfur compound than the molar 
amount of the metal compound. Therefore, a nonstoichio 
metric Sulfur compound is not required to obtain Sulfur 
passivation. 

0045. As indicated above, II-VI nanoparticles other than 
PbS may be fabricated using similar water based reaction 
chemistry. Thus, Zinc or cadmium oxide or chloride may be 
mixed with ammonium sulfide or sodium sulfide to form 
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ZnS and CdS nanoparticles. For example, the following 
reactions may be used to form Zinc and cadmium sulfide 
nanoparticles: 

0046. Other reactants, such as metal nitrate, perchlorate, 
acetate and Sulfate compounds and H2S and Na2S2O. Sulfur 
compounds are less preferred, but may be used if desired. 
For example, to form CdS nanoparticles, Cd(NO), 
Cd(CIO), CdCCHCOO), Cd(SO), may be used as a 
cadmium source. Alternatively, various other organic reac 
tants, such as thiourea, trioctylphosphine sulfide (TOPS), 
CdINH CSNH)-C1, or Cd(CH4), are also less preferred, but 
may be used if desired. 
0047 Alternatively, selenide and telluride nanoparticles 
may be formed instead of sulfide nanoparticles. (NH)SeO 
dissolved in water may be used as one reactant and a solid 
lead, cadmium or Zinc compound, Such as an oxide com 
pound, may be used as the other reactant to form PbSe, CdSe 
or ZnSe nanoparticles having a selenide passivated Surface. 
A similar reaction may be carried out for telluride based 
nanoparticles using (NH)TeC) dissolved in water to form 
PbTe, CdTe or ZnTe nanoparticles. Selenide and telluride 
containing nanoparticles may also be formed using a sodium 
selenide or telluride source, such as NaSe and NaTe 
instead of NaS in formulas (4), (7) and (8) above. 
0048. To form III-V semiconductor nanoparticles having 
a surface passivated by at least one of Sulfur and hydrogen, 
liquid (NH4)2S reactant is provided in addition to Group 
III and Group V reactants. 
0049 Several exemplary methods of making PbS nano 
particles are described below. These methods should not be 
considered as being limiting on the scope of the invention. 
In one example, two grams of PbCl powder are dissolved in 
100 ml of warm water, preferably 60-70° C. water. The 
temperature of the water controls the dissolution time of the 
powder. Water at other temperatures, such as at room 
temperature can be used instead. Lower water temperature 
results in longer dissolution times. In parallel and separately, 
two grams of NaS powder are dissolved in 100 ml of warm 
water, preferably 60-70° C. water. The initial size of the 
formed nanoparticles can be tuned by mixing different 
quantities of the above two solutions. For example, when 5 
ml of PbCl, solution is added to 10 ml of NaS solution the 
nanoparticle sizes are smaller (about 50 nm) than when 15 
ml of NaS solution is used (particle sizes of about 120 nm). 
Thus, the nanoparticle size decreases as the PbCl to NaS 
ratio increases. The solution should be richer in sulfur than 
lead for passivating the nanoparticle Surfaces. Post synthesis 
nanoparticle size tuning is done by adding a dilute Solution 
of HCl:HO (1:50 by volume percent, where 1 ml of HCl is 
dissolved in 50 ml of HO) to the water containing the 
nanoparticles. This HCl:HO solution is added to the water 
containing the nanoparticles in Small amounts, such as in 2 
ml amounts, to tune the nanoparticle size. 
0050. In another example, 10 grams of PbO powder are 
dissolved in 100 ml of warm (NH4)2S aqueous solution, 
preferably having a temperature of 30-40°C. The tempera 
ture of the solution controls the dissolution time of the 
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powder. The (NH)S solution preferably contains of excess 
Sulfur due to non-stoichiometry which assists in passivation 
of the nanoparticles. The initial size of the nanoparticles can 
be tuned by mixing different quantities of PbO to the sulfur 
solution. For example, when 5 grams of PbO are added to 
100 ml of sulfur solution, the nanoparticle sizes are smaller 
(about 70 nm) than when 10 grams of PbO are added to 100 
ml of the sulfur solution (about 150 nm). Thus, the nano 
particle size increases as the PbO to sulfur solution ratio 
increases. Post synthesis nanoparticle size tuning is done by 
adding a dilute solution of HCl:HO (1:50 by volume 
percent, where 1 ml of HCl is dissolved in 50 ml of HO) to 
the water containing the nanoparticles. This HCl:HO solu 
tion is added to the water containing the nanoparticles in 
Small amounts, such as in 2 ml amounts, to tune the 
nanoparticle size. 

0051) To narrow the size distribution, one or more puri 
fication or particle separation steps are preferably performed 
before or after the chemical reaction of the reactants. Pref 
erably, the filtering step takes place before the reaction. 
Preferably, the entire amount of Group II or IV and Group 
VI reactants are mixed together at the same time to form the 
nanoparticles, followed by etching the nanoparticles. This 
provides nanoparticles with a uniform size, such that post 
etching filtering steps are not required. However, if the 
Group VI reactant is slowly added to the Group II reactant, 
then post reaction filtering steps may be needed. 
0.052 One such particle separation step comprises cen 
trifuging a container containing the Solution after reacting 
the first and the second reactants (i.e., centrifuging the 
Solution containing the formed nanoparticles). Distilled 
water is added to the sample and the nanoparticles are 
agitated back into solution in an ultrasonic vibrator. The 
process of centrifuging and washing may be repeated a 
plurality of times, if desired. 
0053. The above solution is then filtered through mesh or 
filters after the steps of centrifuging and washing. The mesh 
or filter can be from made from randomly oriented stacks of 
cellulose, spherical columns of dielectric materials, poly 
mers, nano-porous media (Such as alumina or graphite). 
0054 An alternative method to make nanoparticles with 
a specific size is to decant the Solution by Storing it for 
several hours. A first set of heavy or large nanoparticles or 
nanoclusters settle at the bottom of the container. The second 
set of Smaller nanoparticles still located in a top portion of 
the solution is separated from the first set of nanoparticles 
and is removed to a new container from the top of the 
Solution. This process can be repeated several times to 
separate nanoparticles with different size. During each Suc 
cessive step, the original reagent solution is diluted with a 
liquid medium which does not dissolve the nanoparticles, 
Such a water. The decanting step may be used instead of or 
in addition to the centrifuging and filtering steps. 
0.055 To obtain ultra-pure nanoparticles suitable for vari 
ous applications, it is desirable to reduce or even eliminate 
the by-products from the chemical reaction formed during 
the nanoparticle reaction. The by-products can be reduced or 
eliminated by choosing a solvent that dissolves the by 
products, but not the nanoparticles. For example, ammonia 
dissolves in water, but PbS does not. Hence ultra-high purity 
water can be used as a solvent for repeated dissolution of the 
by-products. Thus, the by-products are reduced or elimi 
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nated during the centrifuging and washing steps since the 
ammonia is dissolved in water. A solvent other than water 
may be used, depending on the reaction and the by-products 
that must be dissolved. 

0056. The chemical reaction may be carried out at low 
temperature, such as below 100° C., preferably below 70° 
C., such as between room temperature (about 25°C.) and 
50° C. Furthermore, non-toxic, inorganic reactants are used, 
such as PbO, PbCl, NaS and ammonium sulfide. Since the 
reaction is carried out in water from inorganic reactants, the 
process is inexpensive. The process does not require the use 
of a Surfactant (although one may be used if desired) and a 
shell is not required to be formed around the nanoparticles 
as in the prior art. Furthermore, since the core/shell approach 
is not necessary, a large Volume of the nanoparticles may be 
produced from the reactants with a high yield. Since the 
passivated nanoparticles are stable in Solution, such as water, 
for several months, they can be easily transported from the 
manufacturing location to the location where the nanopar 
ticles are placed into an article of manufacture. Furthermore, 
the passivated nanoparticles may be stored in water or other 
fluid for one month or more before they are placed into an 
article of manufacture. 

0057. After fabrication, storage and/or transportation, the 
nanoparticles are suspended in fluid. Such as a solution, 
Suspension or mixture. Suitable solutions can be water as 
well as organic solvents such as acetone, methanol, toluene, 
alcohol and polyvinyl alcohol. Alternatively, the nanopar 
ticles are located or deposited on a solid Substrate or in a 
Solid matrix. Suitable Solid matrices can be glass, ceramic, 
cloth, leather, plastic, rubber, semiconductor or metal. The 
fluid or solid comprises an article of manufacture which is 
Suitable for a certain use. 

0058. The following preferred embodiments provide pre 
ferred articles of manufacture which incorporate the nano 
particles. It should be noted that while these articles of 
manufacture preferably contain the semiconductor nanopar 
ticles where a passivating element passivates dangling bonds 
on the nanoparticle Surface, as described above, they may 
also contain semiconductor nanoparticles which are made by 
any other method, including by the prior art methods. In the 
first four preferred embodiments, the nanoparticles are pro 
vided into a fluid. 

0059. In a first preferred embodiment, the semiconductor 
nanoparticles are placed into a polishing slurry. The nano 
particles are dispersed in the polishing slurry fluid. Since the 
nanoparticles have a very high Surface hardness due to their 
Small size, the nanoparticles function as an abrasive medium 
in the slurry fluid. If desired, another abrasive medium in 
addition to the nanoparticles may be added to the slurry. The 
polishing slurry may be used to polish any industrial articles, 
such as metal or ceramics. Preferably, the slurry is adapted 
to be used in a chemical-mechanical polishing apparatus 
used to polish semiconductor wafers and devices. In this 
case, in addition to the nanoparticles, the slurry also contains 
a chemical which chemically removes a portion of the 
semiconductor wafers and devices. 

0060. In a second preferred embodiment, the semicon 
ductor nanoparticles are placed into a paint. The nanopar 
ticles are dispersed in the liquid base of the paint. Since the 
nanoparticles have a uniform size distribution, they provide 
a substantially uniform color to the paint. In a preferred 
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aspect of the second embodiment, the liquid paint base is 
selected Such that it evaporates after being coated on a 
Surface. Such as a wall, ceiling or floor. After the liquid base 
evaporates, a layer of semiconductor nanoparticles is left on 
the surface such that the nanoparticles provide a color to the 
Surface. The nanoparticles are very strongly adhered to the 
Surface due to their Small size. The nanoparticles are almost 
impossible to remove by physical means, such as brushes, 
paint knives or scrubbers, since the nanoparticle size is 
Smaller than the grooves present in the Surfaces of the 
brushes, paint knives or scrubbers. Thus, a chemical method, 
Such as acid etching, is required to remove the nanoparticles 
from a surface. Therefore, the nanoparticle containing paint 
is especially adapted to function as a protective paint, Such 
as a rust inhibiting primer paint (which is provided under a 
conventional paint layer) or a top coat paint (which is 
provided over a layer of conventional paint). Thus, the 
nanoparticle containing paint is especially adapted to coat 
outdoor structures, such as bridges, fences and buildings, 
since it adheres much better to Surfaces than the conven 
tional paints, primers and top coats. 
0061. In a third preferred embodiment, the semiconduc 
tor nanoparticles are placed into an ink. The nanoparticles 
are dispersed in a liquid ink. As described above, the 
nanoparticles can provide a Substantially uniform color to a 
liquid. Thus, by placing the nanoparticles into a ink, once the 
ink dries and the liquid base evaporates, an image is formed 
from a layer of nanoparticles. This image will have a very 
high adhesion to the surface on which it is printed. The ink 
may comprise computer printer (i.e., inkjet printer, etc.) ink, 
printing press ink, pen ink or tatoo ink. 
0062. In a fourth preferred embodiment, the semiconduc 
tor nanoparticles are placed into cleaning composition. The 
nanoparticles are dispersed in the cleaning fluid. Since the 
nanoparticles have a high Surface hardness, they add a 
significant scrubbing power to the cleaning fluid. The clean 
ing fluid may comprise any industrial cleaning fluid. Such as 
a Surface cleaning/scrubbing fluid or a pipe cleaning fluid. 
0063. In the first four preferred embodiments, the nano 
particles are provided into a fluid. In the following preferred 
embodiments, the nanoparticles are provided onto a surface 
of a solid material. 

0064. In the fifth preferred embodiment, the nanopar 
ticles comprise a hardness or wear resistant coating located 
on at least a portion of a device. The device may be any 
device in which a hardness or wear resistant coating is 
desired. For example, the device may be a tool (such as a 
screwdriver or saw blade), a drill bit, a turbine blade, a gear 
or a cutting apparatus. Since the nanoparticles have a high 
Surface hardness and a very strong adhesion to a Substrate, 
a layer of semiconductor nanoparticles provides an ideal 
hardness or wear resistant coating for a device. The coating 
may be formed by providing a fluid containing the nano 
particles and then evaporating or otherwise removing the 
fluid to leave a layer of nanoparticles on the device surface. 
0065. In the sixth preferred embodiment, the nanopar 
ticles comprise a moisture barrier layer located on at least 
one surface of an article of manufacture. The moisture 
barrier layer has few or no pores for water or moisture to 
seep through the layer because the layer comprises a plu 
rality of Small size nanoparticles contacting each other. The 
size of the individual nanoparticles is much smaller than the 

Oct. 25, 2007 

size of a drop of moisture. Thus, a continuous layer of 
nanoparticles will resist penetration of moisture. The article 
of manufacture containing the nanoparticles may be apparel 
(i.e., coats, pants, etc. made of cloth or leather) or footwear 
(made of leather, cloth, rubber or artificial leather). Alter 
natively, the article of manufacture could comprise an edi 
fice, such as a bridge, building, tent, sculpture, etc. For 
example, since the nanoparticle layer has a higher adhesion 
to a structure than conventional moisture barrier paint, using 
the nanoparticle moisture barrier would reduce or eliminate 
the requirement that the moisture barrier be the reapplied 
every few years (as is currently done with bridges). The 
moisture barrier layer may be deposited by providing a fluid 
containing the nanoparticles and then evaporating or other 
wise removing the fluid to leave a layer of nanoparticles on 
the article surface. Preferably, the layer is formed on an outer 
surface of the article. If desired, the nanoparticle material 
could be selected which absorbs Sunlight and generates heat 
when exposed to Sunlight (i.e., CdTe nanoparticles). Alter 
natively, the material may be selected which traps heat 
emitted by a human body. 
0066. In a seventh preferred embodiment, the nanopar 
ticles are provided in a composite ultra low porosity mate 
rial. Preferably, such a material has a porosity below 10 
volume percent, most preferably below 5 volume percent. 
The composite material comprises a solid matrix material 
and the nanoparticles incorporated into the matrix. The 
composite material may be formed by mixing a matrix 
material powder and nanoparticle powder together and then 
compressing the mixed powder to form a composite mate 
rial. Since the nanoparticles have a small size, they occupy 
the pores in the matrix material to form an ultra low porosity 
composite material. The matrix material may comprise 
ceramic, glass, metal, plastic or semiconductor materials. 
The ultra low porosity material may be used as a sealant, 
Such as a tire sealant. Alternatively, the composite material 
may be used as a filler in industrial and medical applications. 
0067. In an eighth preferred embodiment, the nanopar 
ticles are provided in a filter. A nanoparticle powder may be 
compressed to form the filter. Alternatively, the nanopar 
ticles may be added to a solid matrix material to form the 
filter. Since the nanoparticles have a small size, compressed 
nanoparticles or nanoparticles in a matrix have a low poros 
ity. Thus, the nanoparticle filter has a very fine “mesh' and 
is able to filter very small particles. The porosity of the filter 
is greater than the porosity of the ultra low porosity material 
of the previous embodiment. Preferably, the filter is used to 
filter a liquid containing very Small Solid particles. The 
liquid containing the particles is poured through the filter, 
which traps particles above a predetermined size. 
0068. In a ninth preferred embodiment, the nanoparticles 
are provided in a composite high strength structural mate 
rial. Since the nanoparticles have a high Surface hardness 
and low porosity, the nanoparticles may be incorporated into 
a composite structural material having a solid matrix and 
nanoparticles dispersed in the matrix. The matrix material 
may comprise ceramic, glass, metal or plastic. The structural 
material may be used in buildings as Supporting columns 
and walls and in bridges as the roadway and as Supporting 
columns. The structural material may also be used to form 
parts of machinery and vehicles, such as cars and trucks. 
0069. In a tenth preferred embodiment, the nanoparticles 
are provided in an environmental sensor. The environmental 
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sensor includes a radiation source, such as a lamp or laser, 
and a matrix material containing the nanoparticles. The 
matrix material may comprise liquid, gas or Solid material. 
The sensor is exposed to an outside medium which affects 
the light emitting properties of the nanoparticles. For 
example, the sensor may comprise a pollution sensor which 
is exposed to atmosphere. The amount of pollution in the 
atmosphere affects the microenvironment of the nanopar 
ticles, which in turn affects their radiation emission charac 
teristics. The nanoparticles are irradiated with radiation, 
such as visible light or UV or IR radiation, from the radiation 
source. The radiation emitted and/or absorbed by the nano 
particles is detected by a detector. A computer then deter 
mines the amount of pollution present in the atmosphere 
based on the detected radiation using a standard algorithm. 
The sensor may also be used to sense gas components and 
compositions other than the amount of pollution in the 
atmosphere. 

0070 The semiconductor nanoparticles may also be used 
in lighting applications. The eleventh through the thirteenth 
embodiments describe the use of the semiconductor nano 
particles in lighting applications. 

0071. In the eleventh preferred embodiment, passivated 
nanoparticles are used as a light emitting medium in a Solid 
state light emitting device. Such as a laser or a light emitting 
diode. In these applications, a current or Voltage is provided 
to the passivated nanoparticles from a current or Voltage 
source. The current or Voltage causes the passivated nano 
particles to emit light, UV or IR radiation, depending on the 
nanoparticle material and size. 

0072. In the twelfth preferred embodiment, semiconduc 
tor nanoparticles are used to provide Support for organic 
light emitting material in an organic light emitting diode. An 
organic light emitting diode contains an organic light emit 
ting material between two electrodes. The organic light 
emitting material emits light when current or Voltage is 
applied between the electrodes. The light emitting organic 
material may be a polymer material or Small dye molecules. 
Both of these organic materials have poor structural char 
acteristics and impact resistance, which lowers the robust 
ness of the organic light emitting diodes. However, these 
organic light emitting materials may be incorporated in a 
matrix of nanoparticles which provides the desired structural 
characteristics and impact resistance. Since the nanopar 
ticles have the same or Smaller size than the dye or polymer 
molecules, the nanoparticles do not interfere with the light 
emitting characteristics of the diode. 

0073. In the thirteenth preferred embodiment, semicon 
ductor nanoparticles are used in a fluorescent lamp in place 
of a phosphor. In a conventional fluorescent lamp, a phos 
phor is coated on an inner surface of a shell of the lamp. The 
phosphor absorbs UV radiation emitted by a radiation 
Source. Such as mercury gas located in the lamp shell, and 
emits visible light. Since the semiconductor nanoparticles 
have the ability to absorb UV radiation emitted by the 
radiation source and to emit visible light, these nanoparticles 
may be located on at least one surface of the lamp shell. 
Preferably, the layer of nanoparticles coated on the lamp 
shell contains nanoparticles which emit different color light, 
Such that the combined light output of the nanoparticles 
appears as white light to a human observer. For example, the 
different color light emission may be obtained by mixing 
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nanoparticles having a different size and/or nanoparticles of 
different semiconductor materials. 

0074 The semiconductor nanoparticles may also be used 
in magnetic data storage applications. The fourteenth and 
fifteenth preferred embodiments describe the use of the 
semiconductor nanoparticles in magnetic data storage appli 
cations. 

0075. In the fourteenth preferred embodiment, the semi 
conductor nanoparticles are used in a magnetic data storage 
device. This device includes a magnetic field source. Such as 
a magnet, a data storage medium comprising the nanopar 
ticles, a photodetector. A light source is used to illuminate 
the nanoparticles. The magnetic field source selectively 
applies a localized magnetic field Source to a portion of the 
data storage medium. The application of the magnetic field 
causes the nanoparticles exposed to the field to change their 
light or radiation emission characteristics or to quench 
emission of light or radiation all together. The photodetector 
detects radiation emitted from the nanoparticles in response 
to the application of a magnetic field by the magnetic field 
SOUC. 

0076. In the fifteenth preferred embodiment, the semi 
conductor nanoparticles are used in a magnetic storage 
medium containing a magnetic material. The magnetic 
material may be any magnetic material which can store data 
by the alignment of the directions of the spins in the 
material. Such magnetic materials include, for example, 
cobalt alloys, such as CoPt, CoCr, CoPtCr, CoPtCrB, 
CoCrTa and iron alloys, such as FePt and FePd. In one 
preferred aspect of the fifteenth embodiment, the nanopar 
ticles 11 are randomly mixed throughout a layer of magnetic 
material 13 formed on a substrate 15, as shown in FIG. 1. 
The Substrate 15 may be glass, quartz, plastic, semiconduc 
tor or ceramic. The randomly dispersed nanoparticles are 
located within the magnetic domains in the magnetic mate 
rial. The domains are separated by the domain walls. A few 
domain walls are shown by lines 17 in the close up of area 
“A” in FIG. 1. The dispersed nanoparticles form barrier 
layers 19 within the domains. The barrier layers form 
domain walls in the magnetic material. Therefore, the addi 
tion of the nanoparticles has the effect of subdividing the 
domains in the magnetic material into a plurality of “sub 
domains’ each of which is capable of storing one bit of data 
(shown as spin arrows in FIG. 1). Thus, the addition of the 
nanoparticles increases the data storage density of the mag 
netic material by decreasing the domain size in the magnetic 
material. 

0077. In a second preferred aspect of the fifteenth 
embodiment, the magnetic storage medium comprises a 
Substrate containing the semiconductor nanoparticles doped 
with atoms of the magnetic material. Each nanoparticle is 
adapted to store one bit of data. Thus, Small nanoparticles of 
magnetic material are encapsulated in the semiconductor 
nanoparticles. In this case, the size of one bit of data storage 
is only as big as the semiconductor nanoparticle. The 
magnetic nanoparticles may be doped into the semiconduc 
tor nanoparticles using any known doping techniques. Such 
as Solid, liquid or gas phase diffusion, ion implantation or 
co-deposition of the semiconductor and magnetic nanopar 
ticles. Alternatively, the magnetic nanoparticles may be 
encapsulated within the semiconductor nanoparticles by a 
plasma arc discharge treatment of semiconductor nanopar 
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ticles in contact with magnetic nanoparticles. Similar meth 
ods have been previously disclosed for encapsulating mag 
netic particles in carbon and buckytube shells (see U.S. Pat. 
Nos. 5,549,973, 5,456.986 and 5,547,748, incorporated 
herein by reference). 
0078. In the sixteenth preferred embodiment, the nano 
particles are used in an optical data storage medium, as 
shown in FIG. 2. Clusters of nanoparticles 21 are arranged 
in predetermined patterns on a substrate 25, such that first 
areas 27 of the substrate 25 contain the nanoparticles 21 
while the second areas 29 of the substrate 25 do not contain 
the nanoparticles 21. The nanoparticles 21 in a solution may 
be selectively dispensed from an inkjet printer or other 
microdispenser to areas 27 on the substrate. After the solvent 
evaporates, a cluster of nanoparticles remains in areas 27. 
The Substrate 25 may be a glass, quartz, plastic, semicon 
ductor or ceramic substrate. Preferably, the substrate 25 is 
shaped as a disk, similar to a CD. The data from the storage 
medium is read similar to a CD, by Scanning the medium 
with a laser or other radiation source. The nanoparticles 21 
reflect and/or emit light or radiation differently than the 
exposed substrate areas 29. Therefore, when the substrate is 
scanned by a laser, a different amount and/or wavelength of 
radiation is detected from areas 27 than areas 29 by a 
photodetector. Thus, areas 27 correspond to a “1” data value, 
while areas 29 correspond to a “0” data value, or Vise-versa 
(i.e., each cluster of nanoparticles 21 is a bit of data). 
Therefore, the nanoparticles 21 function similar to bumps in 
a conventional CD or as a material of a first phase in a phase 
change optical disk. The areas 27 may be arranged in tracks 
or sectors similar to a CD for ease of data read out. 

0079 The optical data storage medium described above 
may be used in combination with an optical system of the 
seventeenth preferred embodiment. The optical system 30 
includes at least one microcantilever 35 and light emitting 
nanoparticles 31 located on a tip of the at least one micro 
cantilever, as shown in FIG. 3. The microcantilever 35 may 
be an atomic force microscope (AFM) microcantilever or a 
similar microcantilever that is not part of an AFM. For 
example, the microcantilever 35 may be conductive or 
contain conductive leads or wires which provide current or 
Voltage to the nanoparticles to cause them to emit light or 
radiation. The base 33 of the microcantilever is connected to 
a voltage or current source. The microcantilever 35 may be 
scanned over the Substrate 25 containing the semiconductor 
nanoparticles 21 of the previous embodiment. The light 
emitting nanoparticles 31 on the cantilever irradiate the 
substrate 25, and the emitted and/or reflected light is 
detected by a photodetector and analyzed by a computer to 
read out the data. Of course, the optical system 30 may be 
used to read data from a conventional CD or phase change 
optical disk rather than from the medium of the previous 
embodiment. Furthermore, one or more microcantilevers 35 
may be incorporated into an AFM to study surfaces of 
materials. In this case, the AFM may be used to study the 
interaction of light or radiation emitted by the nanoparticles 
31 and the surface being studied. 
0080. In the eighteenth through the twenty first preferred 
embodiments, the semiconductor nanoparticles are used in 
an optoelectronic component. 

0081. In the eighteenth preferred embodiment, the light 
emitting nanoparticles are used in an optical Switch. In the 
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Switch, the light emitting nanoparticles are arranged on a 
Substrate and are connected to a Voltage or current source 
which provides the voltage or current for the light (or 
radiation) emission. A source of magnetic field, such as a 
magnet, is provided adjacent to the nanoparticles. When the 
magnet is turned on, it extinguishes radiation emitted by the 
nanoparticles. 

0082 In the nineteenth preferred embodiment, the pas 
Sivated semiconductor nanoparticles are used in an elec 
troluminescent device. Such as the electroluminescent 
device illustrated in U.S. Pat. No. 5,537,000, incorporated 
herein by reference. The electroluminescent device 40 
includes a substrate 45, a hole injection layer 46, a hole 
transport layer 47, an electron transport layer 41 and an 
electron injection layer 48, as illustrated in FIG. 4. An 
voltage is applied between layers 46 and 48. The voltage 
generates holes in layer 46 and electrons in layer 48. The 
holes and electrons travel through layers 47 and 41 and 
recombine to emit light. Depending on the applied Voltage, 
the recombination occurs either in layer 41 to emit red light 
or in layer 47 to emit green light. The electron transport layer 
41 comprises a layer of passivated semiconductor nanopar 
ticles, such as II-VI nanoparticles. The hole injection layer 
46 comprises a conductive electrode, Such as indium tin 
oxide. The hole transport layer 47 comprises an organic 
polymer material. Such as poly-p(paraphenelyne). The elec 
tron injection layer 48 is a metal or heavily doped semicon 
ductor electrode, such as a Mg, Ca, Sr or Ba electrode. 
0083. In a twentieth preferred embodiment of the present 
invention, the semiconductor nanoparticles are used in a 
photodetector 50, such as a photodetector described in U.S. 
Pat. No. 6,239,449, incorporated herein by reference. As 
shown in FIG. 5, the photodetector is formed on a substrate 
55. A first heavily doped contact layer 52 is formed on the 
substrate. A first barrier layer 53 is formed on the contact 
layer 52. One or more nanoparticle layers 51 are formed on 
the barrier layer 53. A second barrier layer 54 is formed on 
the nanoparticle layer(s) 51. A second heavily doped contact 
layer 56 is formed on the second barrier layer 54. Electrodes 
57 and 58 are formed in contact with the contact layers 52. 
56. The barrier layers 53, 54 are doped to provide charge 
carriers and for conductivity. The barrier layers 53, 54 have 
a higher band gap than the nanoparticles 51. Incident light 
or radiation excites charge carriers (i.e., electrons or holes) 
in the nanoparticles to an energy higher than the energy of 
the bandgap of the barrier layers 53, 54. This causes a 
current to flow through the photodetector 50 from the 
emitter electrode to a collector electrode in response to the 
incident light or radiation with the help of an external 
voltage applied between the electrodes. 

0084. In a twenty first preferred embodiment, the nano 
particles are used in a transmission grating. The nanopar 
ticles are arranged on a transparent Substrate in a form of a 
grating. Since the nanoparticles have a very Small size, the 
grating may be formed with a period Smaller than the 
wavelength of light or radiation that will be transmitted 
through the grating. Such gratings may be used in wave 
plates, polarizers or phase modulators. The gratings may be 
formed by patterning the nanoparticles on the Substrate 
using Submicron optical, X-ray or electron beam lithography 
or by placing individual nanoparticles on the Substrate using 
an AFM or a scanning tunneling electron microscope. 
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0085. In a twenty second preferred embodiment, the 
semiconductor nanoparticles are used in an optical filter. The 
optical filter may comprise a glass, plastic or ceramic 
transparent matrix with interdispered nanoparticles. Since 
the nanoparticles absorb a radiation having a wavelength 
greater than a cutoff wavelength based on the material and 
size of the nanoparticles, the filter may be tailored to filter 
a particular range of light or UV radiation wavelengths 
depending on the material and size of the nanoparticles. 
Furthermore, the nanoparticles may be used to provide a 
color to a particular solid material. Such as stained or colored 
glass. 

0086. In the twenty third preferred embodiment, the 
passivated nanoparticles are used in electronic devices. Such 
as transistors, resistors, diodes, and other nanodevices. For 
example, the nanoparticles may be used in a single electron 
transistor, as described in U.S. Pat. No. 6,057,556, incorpo 
rated herein by reference. The nanoparticles are located on 
a substrate between a source and a drain electrode. The 
nanoparticles comprise a channel of the single electron 
transistor. A plurality of nanoscale gate electrodes are pro 
vided over or adjacent to the nanoparticles. This device 
functions on the principle of controlled correlated single 
electron tunneling between the source and drain electrodes 
through the potential barriers between the nanoparticles. A 
single electron gate circuit can be constructed using this 
device, where logical “1” and “0” are identified by the 
presence or absence of an electron. 

0087 An example of a nanodevice array is a chip archi 
tecture termed cellular automata. With this architecture, the 
processor portion of the IC is made up of multiple cells. 
Each of the cells contains a relatively small number of 
devices, which communicate only with their nearest-neigh 
bor cells. This architectural approach eliminates the need for 
long intercellular connections, which ultimately put a ceiling 
on the fastest processing capabilities of an electronic chip. 
Each cell would consist of approximately five passivated 
semiconductor nanoparticles or quantum dots. 

0088. In the twenty fourth preferred embodiment, the 
nanoparticles are used as a code or a tag. For example, the 
nanoparticles may be fashioned into a miniature bar code by 
AFM, STM or lithography. This bar code may be formed on 
Small items, such as integrated circuits, and may be read by 
a miniature bar code reader. Of course the code may have 
symbols other than bars. In another example, the nanopar 
ticles may be used as a tag (i.e., where the nanoparticles are 
not formed into a particular shape). Since a small amount of 
the nanoparticles is invisible to the human eye, the nano 
particle code or tag may be added to an item which must be 
authenticated, such as currency, a credit card, an identifica 
tion card or a valuable object. To authenticate the item, the 
presence of the nanoparticles on or in the item is detected by 
a microscope or by an optical detector. Furthermore, nano 
particles of a certain size which emit a particular wavelength 
of light may be used to distinguish different objects. Com 
binations of different nanoparticle sizes which emit a com 
bination of different wavelengths may be used to emit an 
optical code for more precise identification of the item. 

0089. In the twenty fifth preferred embodiment, the pas 
Sivated nanoparticles are used as sensor probes. For 
example, a sensor probe may be formed by bonding nano 
particles to affinity molecules using linking agents, as 
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described in U.S. Pat. Nos. 6,207,392, 6,114,038 and 5,990, 
479, incorporated herein by reference. The affinity mol 
ecules are capable of selectively bonding with a predeter 
mined biological or other Substance. In response to an 
application of energy, the nanoparticles emit light or radia 
tion which is detected by a detector. Thus, the presence, 
location and/or properties of the predetermined Substance 
bound to the affinity molecule may be determined. The 
linking agents may be polymerizable materials, such as 
N-(3-aminopropyl)3-mercapto-benzamide. The affinity mol 
ecules, such as antibodies, are capable of selectively binding 
to the predetermined biological Substance being detected, 
Such as a particular antigen, etc. 
0090 The specific examples of PbS nanoparticles made 
according to the methods of the preferred embodiments of 
the present invention and comparative examples using prior 
art CdSe EvidDots(R nanoparticles will now be described. 
These specific examples are provided for illustration only 
and should not be considered limiting on the scope of the 
invention. 

EXAMPLE 1. 

0091 PbS nanoparticles according to the preferred 
embodiments of the present invention were prepared by the 
following method. 2 grams of PbCl powder were dissolved 
in 100 ml of warm water at 60-70° C. 2 grams of NaS 
powder were separately dissolved in 100 ml of warm water 
(60-70° C.). Both solutions were filtered using 20 nm pore 
filter paper. 5 ml of the above PbCl, solution was added to 
15 ml of above NaS solution and mixed in an ultrasonic 
vibrator. 

0092. The nanoparticle containing solution was analyzed 
by photon correlated spectroscopy (PCS) using the N4 Plus 
Submicron Particle Analyzer made by Beckman Coulter, 
Inc. PCS is a dynamic light scattering (DLS) optical char 
acterization technique which determines particle size based 
on Brownian motion of particles in a solution. In PCS, 
measurements of particle size are based on characterization 
of the time scale of fluctuations of the intensity of laser light 
scattered from the nanoparticle containing solution. The 
fluctuations result from an interference pattern modulated by 
the Brownian motion of the nanoparticles in the solution. 
The fluctuating laser light signal is transformed into an 
electrical signal by a photomultiplier. Other similar dynamic 
light scattering spectroscopy systems which measure the 
size of particles in the solution are produced by other 
companies. For example, one such system is the High 
Performance Particle Size with Non-Invasive Back Scatter 
(NIBSTM) optics characterization system produced by Mal 
Vern Instruments. 

0093. The PCS spectra of the solution containing the 
nanoparticles is shown in FIG. 7. The nanoparticles had a 
114.2 nm average size with a standard deviation of 27.8 nm. 

EXAMPLE 2 

0094. In this example, the nanoparticles of example 1 
were etched with diluted HCl. 1 ml of HCl was dissolved in 
50 ml of H.O. 2 ml of the above solution was added to the 
nanoparticle containing solution of example 1. The PCS 
spectra of the Solution containing the etched nanoparticles is 
shown in FIG. 8. The nanoparticles had a 53.3 nm average 
size with a standard deviation of 20.8 nm. Thus, adding HCl 
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to the Solution reduced the nanoparticle size without com 
pletely dissolving the nanoparticles. 

EXAMPLE 3 

0.095. In this example, the nanoparticles of example 2 
were etched with additional diluted HCl. 1 ml of HCl was 
dissolved in 50 ml of H.O. 2 ml of the above solution was 
added to the nanoparticle containing solution of example 2. 
The PCS spectra of the solution containing the etched 
nanoparticles is shown in FIG. 9. The nanoparticles had a 
17.6 mm average size with a standard deviation of 9.1 nm. 

EXAMPLE 4 

0096. In this example, the nanoparticles of example 3 
were etched with additional diluted HCl. 1 ml of HCl was 
dissolved in 50 ml of H.O. 2 ml of the above solution was 
added to the nanoparticle containing solution of example 3. 
The PCS spectra of the solution containing the etched 
nanoparticles is shown in FIG. 10. The nanoparticles had a 
4.5 nm average size with a standard deviation of 2.5 nm. 

EXAMPLE 5 

0097. In this example, the nanoparticles of example 4 
were etched with additional diluted HCl. 1 ml of HCl was 
dissolved in 50 ml of H.O. 2 ml of the above solution was 
added to the nanoparticle containing solution of example 4. 
The PCS spectra of the solution containing the etched 
nanoparticles is shown in FIG. 11. The nanoparticles had a 
2.0 nm average size with a standard deviation of 0.3 nm 
(main peak in FIG. 11). 

COMPARATIVE EXAMPLE 1. 

0.098 EvilDots(R CdSe nanocrystals from a test kit Sup 
plied by Evident Technologies (www.evident tech.com) were 
examined by PCS. The nanocrystals were located in an 
unopened container containing toluene solvent during PCS 
testing. The product literature accompanying the test kit 
indicated that the nanoparticles had an average size of 2.8 
nm that was apparently determined from exciton peak 
position in absorption spectra. The nanoparticle solution had 
a green color. 
0099] The PCS spectra of the solution containing the 
nanoparticles is shown in FIG. 12. The nanoparticles had a 
12.2 nm average size with a standard deviation of 12.6 mm. 
This is evidence that the 2.8 nm nanoparticles agglomerated 
in the toluene solution Such that the average agglomerated 
cluster size is 12.6 mm. It is believed that the agglomerated 
cluster comprises a Surfactant with individual 2.8 nanopar 
ticles embedded in the cluster in a roughly honeycomb 
structure. The individual nanoparticles in the cluster are 
separated from each other by the surfactant. The solution 
appears green because each individual nanoparticle in the 
agglomerated cluster is about 2.8 nm. 

COMPARATIVE EXAMPLE 2 

0100 EvilDots(R CdSe nanocrystals from a test kit Sup 
plied by Evident Technologies were examined by PCS. The 
product literature accompanying the test kit indicated that 
the nanoparticles had an average size of 4 nm that was 
apparently determined from exciton peak position in absorp 
tion spectra. The nanoparticle solution had an orange color. 
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0101 The PCS spectra of the solution containing the 
nanoparticles is shown in FIG. 12. The nanoparticles had a 
71.2 nm average size with a standard deviation of 76.6 mm. 
This is evidence that the 4 nm nanoparticles agglomerated in 
the toluene solution Such that the average agglomerated 
cluster size is 71.6 mm. 

COMPARATIVE EXAMPLE 3 

0102 EvilDots(R CdSe nanocrystals from a test kit Sup 
plied by Evident Technologies were examined by PCS. The 
product literature accompanying the test kit indicated that 
the nanoparticles had an average size of 3.4 nm that was 
apparently determined from exciton peak position in absorp 
tion spectra. The nanoparticle Solution had a yellow color. 
0103) The PCS spectra of the solution containing the 
nanoparticles is shown in FIG. 13. The nanoparticles had a 
79.8 nm average size with a standard deviation of 85.8 nm. 
This is evidence that the 3.4 nm nanoparticles agglomerated 
in the toluene solution Such that the average agglomerated 
cluster size is 79.8 nm. 

COMPARATIVE EXAMPLE 4 

0.104 EvilDots(R CdSe nanocrystals from a test kit Sup 
plied by Evident Technologies were examined by PCS. The 
product literature accompanying the test kit indicated that 
the nanoparticles had an average size of 4.7 nm that was 
apparently determined from exciton peak position in absorp 
tion spectra. The nanoparticle solution had a red-orange 
color. 

0105 The PCS spectra of the solution containing the 
nanoparticles is shown in FIG. 14. The nanoparticles had a 
clear bimodal distribution (two peaks) with a 160.2 nm 
average size with a standard deviation of 140.6 nm. This is 
evidence that the 4.7 nm nanoparticles agglomerated in the 
toluene solution Such that the average agglomerated cluster 
size is 160.2 nm. 

0106 Thus, several conclusions can be drawn from the 
examples and the comparative examples. First, PCS testing 
shows that nanoparticles in a solution may be agglomerated 
into a large cluster. Thus, the size of the individual nano 
particles that is estimated from the location of the exciton 
peak in the absorption spectra does not take into account that 
the individual nanoparticles have agglomerated into clusters. 
It appears from the PCS test that the actual average size of 
nanoparticle cluster may be five to twenty times larger than 
the size of the individual nanoparticles estimated from the 
exciton peak location. Second, the method of the preferred 
embodiments of the present invention allows average nano 
particle size to be controlled more precisely than the prior art 
method and avoids or reduces the agglomeration of nano 
particles into clusters. Third, the nanoparticles made by the 
method of the preferred embodiments of the present inven 
tion have a much narrower size distribution than the prior art 
nanoparticles. For example, the nanoparticles made by the 
method of the preferred embodiments of the present inven 
tion have a size standard deviation between about 15 and 56 
percent of the average nanoparticle size. In contrast, the 
prior art nanoparticles have a size standard deviation 
between about 87 to more than 100 percent of the average 
nanoparticle size due to agglomeration. 
0.107 The foregoing description of the invention has been 
presented for purposes of illustration and description. It is 
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not intended to be exhaustive or to limit the invention to the 
precise form disclosed, and modifications and variations are 
possible in light of the above teachings or may be acquired 
from practice of the invention. The drawings and description 
were chosen in order to explain the principles of the inven 
tion and its practical application. It is intended that the scope 
of the invention be defined by the claims appended hereto, 
and their equivalents. 
0108 All of the publications and patent applications and 
patents cited in this specification are herein incorporated in 
their entirety by reference. 
0109) Although the foregoing refers to particular pre 
ferred embodiments, it will be understood that the present 
invention is not so limited. It will occur to those of ordinary 
skill in the art that various modifications may be made to the 
disclosed embodiments and that such modifications are 
intended to be within the scope of the present invention, 
which is defined by the following claims. 

1. A plurality of semiconductor nanoparticles having an 
elementally passivated Surface. 

2. The nanoparticles of claim 1, wherein the passivated 
Surface comprises passivated dangling bonds. 

3. The nanoparticles of claim 2, wherein the passivated 
Surface comprises an inorganic passivating element bound to 
the dangling bonds. 

4. The nanoparticles of claim 3, wherein: 
the nanoparticles comprise a II-VI, IV-VI, or a III-V 

semiconductor material; and 
the passivating element is selected from a group consist 

ing of H. S. Se and Te. 
5. The nanoparticles of claim 4, wherein the passivating 

element is sulfur. 
6. The nanoparticles of claim 5, wherein the nanoparticles 

are selected from a group consisting of CdS, PbS, ZnS and 
compounds thereof. 

7. The nanoparticles of claim 6, wherein the nanoparticles 
comprise PbS nanoparticles having an average size of 2 to 
100 nm. 

8. The nanoparticles of claim 4, wherein: 
the nanoparticles are selected from a group consisting of 

CdSe, ZnSe, PbSe and compounds thereof; and 
the passivating element comprises Se. 
9. The nanoparticles of claim 5, wherein the nanoparticles 

comprise a III-V semiconductor material. 
10. The nanoparticles of claim 3, wherein the nanopar 

ticles are capable of being Suspended in water without 
Substantial agglomeration and Substantial precipitation on 
container surfaces for at least 30 days. 

11. The nanoparticles of claim 10, wherein the nanopar 
ticles are suspended in water without Substantial agglom 
eration and Substantial precipitation on container Surfaces. 

12. The nanoparticles of claim 1, wherein the nanopar 
ticles have an average size between about 2 nm and about 
100 nm with a size standard deviation of less than 60 percent 
of the average nanoparticle size measured by photon corre 
lated spectroscopy (PCS) method. 

13. The nanoparticles of claim 1, wherein: 
the nanoparticles are suspended in a solution, Suspension 

or mixture; or 
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the nanoparticles are located on a solid Substrate or in a 
Solid matrix. 

14. An article of manufacture comprising the nanopar 
ticles of claim 1, selected from the group consisting of 

(a) polishing slurry comprising a polishing slurry fluid 
and the nanoparticles of claim 1 in the slurry fluid; 

(b) a device containing a hardness or wear resistant 
coating, wherein the coating comprises the nanopar 
ticles of claim 1, located on at least a portion of the 
device; 

(c) an ultra low porosity material having a porosity below 
10 Volume percent comprising a solid matrix and the 
nanoparticles of claim 1 incorporated into the matrix: 

(d) a filter comprising compressed nanoparticles of claim 
1; 

(e) a paint comprising a liquid base and the nanoparticles 
of claim 1: 

(f) an article of clothing or footwear containing a moisture 
barrier, wherein the moisture barrier comprises a layer 
of nanoparticles of claim 1, located on at least one 
surface of the article: 

(g) an environmental sensor comprising a radiation source 
and a matrix material containing the nanoparticles of 
claim 1: 

(h) a light emitting device comprising light emitting 
nanoparticles of claim 1: 

(i) an organic light emitting diode comprising an organic 
light emitting material in a matrix of nanoparticles of 
claim 1, a first electrode, and a second electrode: 

() a lamp, comprising a shell, a source of radiation 
located in the shell, and a layer of nanoparticles of 
claim 1 located on at least one surface of the shell, 
wherein the nanoparticles absorb the radiation emitted 
by the radiation source and emit visible light; 

(k) a magnetic data storage device comprising a magnetic 
field source, a data storage medium comprising the 
nanoparticles of claim 1; and a photodetector which 
detects radiation emitted from the nanoparticles in 
response to the application of a magnetic field by the 
magnetic field source: 

(l) a magnetic storage medium comprising a magnetic 
material and the nanoparticles of claim 1: 

(m) an optical storage medium comprising a Substrate, 
and the nanoparticles of claim 1 located in predeter 
mined areas of the substrate, such that first areas of the 
Substrate contain the nanoparticles while the second 
areas of the Substrate do not contain the nanoparticles; 

(n) an optical system, comprising at least one microcan 
tilever, and light emitting nanoparticles comprising the 
nanoparticles of claim 1 located on a tip of the at least 
one microcantilever, 

(o) an optical Switch, comprising light emitting nanopar 
ticles comprising the nanoparticles of claim 1, and a 
Source of magnetic field which is adapted to extinguish 
radiation emitted by the nanoparticles when it provides 
a magnetic field adjacent to the nanoparticles; 
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(p) an ink comprising a liquid ink and the nanoparticles of 
claim 1; and 

(q) a cleaning composition comprising a cleaning fluid 
containing the nanoparticles of claim 1. 

15. The article of claim 14, wherein: 
the device (b) comprises at least one of a tool, a drill bit, 

a turbine blade, a gear and a cutting apparatus; 
the liquid base of the paint (e) evaporates after being 

applied to a Surface. Such that the nanoparticles of 
claim 1 provide a color to a surface; 

the moisture barrier of the apparel or footwear (f) gener 
ates heat when exposed to Sunlight or traps heat emitted 
by a body; 

the layer of nanoparticles in the lamp () contains nano 
particles which emit different color light, such that the 
combined light output of the nanoparticles appears as 
white light to a human observer, and 

the nanoparticles in the magnetic storage medium (1) 
comprise barrier layers located in the magnetic material 
such that the barrier layers form domain walls in the 
magnetic material or the medium (1) further comprises 
a Substrate containing the nanoparticles doped with 
atoms of the magnetic material. Such that each nano 
particle is adapted to store one bit of data. 

16.-43. (canceled) 
44. An article, comprising one of 
(a) a polishing slurry comprising a polishing slurry fluid 

containing semiconductor nanoparticles; 
(b) a device comprising a semiconductor nanoparticle 

hardness or wear resistant coating located on at least a 
portion of the device; 

(c) an ultra low porosity material having a porosity below 
10 volume percent comprising a solid matrix and 
semiconductor nanoparticles incorporated into the 
matrix; 

(d) a filter comprising semiconductor nanoparticles; 
(e) a paint comprising a liquid base and semiconductor 

nanoparticles; 
(f) an article of apparel or footwear comprising a semi 

conductor nanoparticle moisture barrier layer located 
on at least one Surface of the article: 

(g) an edifice comprising a semiconductor nanoparticle 
moisture barrier layer located on at least one surface of 
the edifice; 

(h) an environmental sensor comprising a radiation source 
and a matrix material containing semiconductor nano 
particles; 

(i) an organic light emitting diode comprising an organic 
light emitting material in a matrix of semiconductor 
nanoparticles, a first electrode, and a second electrode; 

() a lamp, comprising a shell a source of radiation located 
in the shell, and a layer of semiconductor nanoparticles 
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located on at least one surface of the shell which absorb 
the radiation emitted by the radiation source and emit 
visible light; 

(k) a magnetic data storage device comprising a magnetic 
field source, a data storage medium comprising semi 
conductor nanoparticles, and a photodetector which 
detects radiation emitted from the nanoparticles in 
response to the application of a magnetic field by the 
magnetic field source: 

(l) a magnetic storage medium comprising a magnetic 
material and semiconductor nanoparticles; 

(m) an optical storage medium comprising a Substrate, 
and semiconductor nanoparticles located in predeter 
mined areas of the substrate, such that first areas of the 
Substrate contain the nanoparticles, while second areas 
of the Substrate do not contain the nanoparticles; 

(n) an optical system, comprising at least one microcan 
tilever, and light emitting semiconductor nanoparticles 
located on a tip of the at least one microcantilever, 

(o) an optical Switch, comprising light emitting semicon 
ductor nanoparticles, and a source of magnetic field 
which is adapted to extinguish radiation emitted by the 
nanoparticles when it provides a magnetic field adja 
cent to the nanoparticles; 

(p) an ink composition comprising a liquid ink and 
Semiconductor nanoparticles; and 

(q) a cleaning composition comprising a cleaning fluid 
containing semiconductor nanoparticles. 

45. The article of claim 44, wherein: 

the device (b) comprises at least one of a tool, a drill bit, 
a turbine blade, a gear and a cutting apparatus; 

the liquid base of the paint (e) evaporates after being 
applied to a surface, such that the nanoparticles provide 
a color to the Surface; 

the moisture barrier of the apparel or footwear (f) gener 
ates heat when exposed to Sunlight or traps heat emitted 
by a body; 

the layer of nanoparticles in the lamp () contains nano 
particles which emit different color light, such that the 
combined light output of the nanoparticles appears as 
white light to a human observer, and 

the nanoparticles in the magnetic storage medium (1) 
comprise barrier layers located in the magnetic material 
such that the barrier layers form domain walls in the 
magnetic material or the medium (1) further comprises 
a Substrate containing the nanoparticles doped with 
atoms of the magnetic material. Such that each nano 
particle is adapted to store one bit of data. 

46. The article of claim 44, wherein dangling bonds on the 
semiconductor nanoparticle Surface are passivated with an 
inorganic passivating element bound to the dangling bonds. 


